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ABSTRACT
Context.
Aims. We investigate thermal and non-thermal radio emission associated with the early formation and evolution phases of Young
Stellar Clusters (YSCs) selected by their MIR emission at 24 µm in M33. We consider regions in their early formation period,
compact and totally embedded in the molecular cloud, and in the more evolved and exposed phase.
Methods. Thanks to recent radio continuum surveys between 1.4 and 6.3 GHz we are able to find radio source counterparts to
more than 300 star forming regions of M33. We identify the thermal free-free component for YSCs and their associated molecular
complexes using the Hα line emission.
Results. A cross-correlation of MIR and radio continuum is established from bright to very faint sources, with the MIR-to-radio
emission ratio that shows a slow radial decline throughout the M33 disk. We proof the nature of candidate embedded sources by
recovering the associated faint radio continuum luminosities. By selecting exposed YSCs with reliable Hα flux, we establish and
discuss the tight relation between Hα and the total radio continuum at 5 GHz over 4 orders of magnitude. This holds for individual
YSCs as well as for the molecular clouds hosting YSCs and allowed us to calibrate the radio continuum - star formation rate relation
at small scales. On average about half of radio emission at 5 GHz in YSCs is non-thermal with a large scatter. For exposed but
compact YSCs and their molecular clouds the non-thermal radio continuum fraction increases with source brightness, while for large
HII regions the non-thermal fraction is lower and shows no clear trend. This has been found for YSCs with and without identified
SNRs and underlines the possible role of massive stars in triggering particle acceleration through winds and shocks: these particles
diffuse throughout the native molecular cloud prior to cloud dispersal.
Key words. Galaxies: individual (M 33) – Galaxies: ISM, star formation, star clusters – ISM: cosmic rays, molecules, dust, magnetic
fields – Radio continuum: ISM
1. Introduction
The radio continuum-infrared (hereafter IR) correlation in galax-
ies has been investigated since the data release by IRAS mission
(e.g. Helou et al. 1985; Bell 2003). In the past 35 years a lot of
effort has been spent to investigate the frequency ranges in the
IR and radio continuum for which the correlation is the tightest
and how this depends on spatial scale. In the IR domain the focus
has been to distinguish warm dust emitting in the mid-infrared
(MIR) and heated by star formation, from cold dust heated by the
interstellar radiation field (ISRF) and emitting in the far-infrared
(FIR). In the radio continuum both thermal (free-free) and non-
thermal (synchrotron) emission are linked to the formation of
stars since this process is responsible for the free electrons, as
well as for turbulent magnetic field amplification and cosmic
ray (hereafter CR) production (e.g. Schleicher & Beck 2013;
Schober et al. 2016; Tabatabaei et al. 2013b). A key question
is the spatial scale involved in the dust-to-radio correlation and
to this purpose nearby galaxies such as LMC, M33, M51 etc..
have been analyzed by using wavelet decomposition and maps
at several spatial resolutions, from 50 pc out to the kpc scale, for
the radio and IR emission (Hughes et al. 2006; Tabatabaei et al.
2007a; Dumas et al. 2011; Tabatabaei et al. 2013a). On large
scales the ordered magnetic field seems to plays a major role in
driving non-thermal emission, especially where cosmic rays are
able to diffuse away from star forming sites before losing their
energy. Thus the magnetic field might be coupled to cold dust
by density enhancement in the diffuse ISM (Basu et al. 2017).
In M51 Dumas et al. (2011) explored how the relation between
the MIR and radio continuum depends on the local environment
such as spiral arms, interarm regions, outer versus inner disk and
found that a linear relation holds only along the spiral arms with
radio synchrotron emission being suppressed in the central re-
gions.
On small scales it is interesting to study the non-thermal and
thermal component and how these relates to the warm dust as
a function of the ISM properties and environment in the galac-
tic disk. Data in the radio continuum at 1.4 GHz and at 60 µm
for the LMC at spatial resolution between 50 pc and 1.5 kpc
has been analyzed by Hughes et al. (2006). They found that on
small scales the thermal radio emission correlates better with
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the warm dust component while the non-thermal FIR correlation
breaks down below a certain scale possibly because of the large
diffusion length of cosmic rays. More recently, a work on IC10
by Basu et al. (2017) underlines that also at smaller scales, be-
tween 50 and 200 pc, the non-thermal radio emission establishes
a better correlation with the dust emission at 70 µm than with
the warm dust at 24 µm. However there are no studies analyz-
ing individual star forming regions, where the 24 µm emission
peaks.
The large scale magnetic field in M33 exhibit a spiral struc-
ture with a decrease in the radio thermal fraction going radi-
ally outwards (Tabatabaei et al. 2007c). At kpc scales in M33
the warm dust-thermal radio correlation is stronger than the cold
dust-non thermal radio correlation (Tabatabaei et al. 2007a), al-
though a cold dust non-thermal correlation still holds. Analysis
of the radio emission in the closest spiral galaxies (Tabatabaei
et al. 2013a) has show that the non thermal-IR correlation is
weaker in M33 than in M31 on large scales, but it is stronger
than in M 31 on scales <1 kpc. This has been explained by the
smaller propagation length of CR electrons in M33, due to its
turbulent magnetic field structure. At smaller scales the turbu-
lent magnetic field might become more important as turbulent
gas motion injects energy into the ISM (Tabatabaei et al. 2008).
If this is a general property of the M33’s ISM, the non thermal–
IR correlation should also hold on scales where the turbulent
magnetic field is strongest, i.e., in the star forming clouds.
For nearby galaxies the sensitivity and spatial resolution of
infrared and radio surveys is now sufficiently high that it is possi-
ble to isolate individual star forming regions with stellar masses
as low as a few hundreds solar masses (Sharma et al. 2011;
White et al. 2019). This means that instead of focusing on the
spatial scale and on a pixel by pixel analysis one can examine
the radio and IR emission in individual star forming regions and
how this depends on characteristic properties of the young clus-
ter such as mass and age and more in general on the energy input
that massive stars can provide. In this paper we analyze the ra-
dio continuum and MIR emission in individual star forming sites
of M33, the closest blue spiral galaxy. This will allow us to test
whether the correlation between the non-thermal radio emission
and the MIR emission found down to 200 pc scale (Tabatabaei
et al. 2013a) holds also at smaller scales between the emission of
individual young stellar clusters. Previous works have presented
a catalogue of infrared selected star forming regions across the
whole disk of M33 (Sharma et al. 2011) which has been com-
plemented by a catalogue of GMCs (Corbelli et al. 2017) and re-
cently a list of radio-continuum sources in the M33 area became
available (White et al. 2019), some of which might be related to
the M33 disk. The spatial resolution at 24 µm is comparable to
that of the recent radio-continuum surveys. Our aim is to inves-
tigate the correlations between the radio continuum and other
star formation tracers such as Hα or MIR emission and inves-
tigate the dominant mechanism that provides radio emission, if
thermal or non thermal, across a variety of star forming regions.
While it is clear that the turbulent magnetic field is enhanced in
star forming regions it is less clear how this depends on the char-
acteristic of the region and its location in the disk. Furthermore
the creation and propagation of CRs might depend on the galaxy
(Tabatabaei et al. 2013a) and on characteristics of the SF region.
Currently most of the models involving CRs acceleration are
based on supernova (SN) explosions and their remnants (SNRs).
In particular these models can explain the CR production rate,
the composition and anisotropy in our Galaxy. However, the
steepness and the presence of breaks in SN spectra as well as the
difficulties in explaining the very energetic CRs opens the pos-
sibility to other types of acceleration mechanisms. Moreover the
duration of the SN shock might be too short to explain the prop-
agation away from the remnants that is needed to explain some
observation. Over the last decade, space- and ground-based tele-
scopes have revealed many classes of Galactic γ-ray sources,
such as clusters of young stars, which might be associated to CR
accelerators. As underlined recently by Aharonian et al. (2019)
the acceleration could take place in the vicinity of the stars or
in superbubbles, caused by interacting winds of massive stars as
those in OB associations. A fraction of stellar wind mechanical
energy may be transferred to relativistic CRs by diffuse shock ac-
celeration at the wind boundary (Cesarsky & Montmerle 1983;
Parizot et al. 2004; Padovani et al. 2019). These will spiral
around the fluctuating amplified magnetic fields of the star form-
ing region emitting non-thermal radio waves. To test these possi-
bilities recently identified SNRs in star forming regions of M33
(White et al. 2019) can be used for assessing their role in en-
hancing the non thermal radio emission in SF regions .
The plan of the paper is the following: In Section 2 we
present the data and the method to establish the association
between MIR and radio sources. In Section 3 we present the
correlation between radio continuum and MIR fluxes in ex-
posed YSCs and in the embedded star forming sites in M33.
In Section 4 we derive the non-thermal fractions and the relative
implications. In Section 5 we present some preliminary results
on radio emission from molecular clouds, and in Section 6 we
discuss the link between the star formation and radio emission.
Section 7 summarizes the main results of our analysis.
2. The YSC sample and multiwavelength data
In this Section we describe how we select candidate YSCs of
M33 during their formation and early evolutionary phases and
how we retrieve the emission at other wavelengths. We use three
catalogues now available for M33: a 24 µm source catalogue
(Sharma et al. 2011), a giant molecular cloud (GMC) catalogue
(Corbelli et al. 2017) and a radio continuum source catalogue
(White et al. 2019). The association is done by matching the
positions in the sky of the objects in these catalogues because
the shape and extend of the emission of a star forming region in
the MIR and in the radio continuum might not be the same. The
hot dust for example might be located closer to the GMC center
or to the shell of an expanding ionized bubble while non-thermal
radio continuum emission might peak close to a SNR.
2.1. The MIR source catalogue
Dust emission at MIR wavelengths has been investigated
through data of the Multiband Imaging Photometer (MIPS) on
board Spitzer processed as described by Verley et al. (2007).
Corbelli et al. (2017) selected 630 MIR sources from the list
of Sharma et al. (2011) that are candidate YSCs in the early
formation and evolutionary phases: the results of the classifica-
tion, together with the most relevant parameters of the GMCs
and YSCs, can be found in their online tables. The YSCs were
sorted into classes based on their emission in the MIR, FUV, and
Hα bands and according to the association with GMCs. The clas-
sification helps in drawing a possible evolutionary sequence and
the relative timescales see (Corbelli et al. 2017) for more details.
We recall the classification scheme of the MIR sources and the
number of MIR sources in each category:
– class b: 97 MIR sources, associated with GMCs, with no op-
tical counterpart (with no or very weak Hα peak)
2
Edvige Corbelli et al.: Radio emission during the formation of stellar clusters in M33
– class c: 410 YSCs with optical counterpart
– c1: 55 YSCs associated with GMCs with coincident Hα
and MIR emission peaks but FUV emission spatially
shifted or absent
– c2: 218 YSCs associated with GMCs with coincident
Hα, FUV and MIR emission peaks
– c3: 139 YSCs not associated with GMCs but with op-
tical and FUV counterparts; these often have weak Hα
emission
– class d: 19 MIR sources associated with GMCs which are
ambiguous for b or c1/c2 class
– class e: 104 MIR sources not associated with GMCs and with
no Hα emission, some FUV may be present
The b-c1-c2-d-type are sources associated with giant molec-
ular clouds (GMCs). The b-type are called embedded because
there is no FUV or Hα counterparts, while c-type are exposed
star forming regions with FUV and Hα counterpart and some of
them (c1 and c2) are associated with GMC while others (c3) are
not. The d-type are ambiguous between b-and c-type. From now
on we shall refer to the c-class as exposed YSCs and to the b-
type as embedded YSCs. Extinction is high for b-type sources
with weak or no UV/optical counterpart, which likely represent
the early phases of SF. The c1-type YSCs have visible Hα but
not FUV emission and show on average higher extinction than
the c2-type YSCs, where FUV emission is also detected. The
c1-type YSCs may represent YSCs at an earlier stage than c2-
type YSCs, even though the YSC age determination is not pre-
cise enough to separate these two classes. The most luminous
MIR sources are of c2-type and are clusters that have very likely
completed the formation process. This is also the largest class of
MIR sources for which the coincident peaks in the UV and Hα
bands enabled more precise estimates of the age and mass of the
associated YSC.
The e-type sources have only MIR emission but unlike the b-
type these do not have any associated GMC. We marginally con-
sider the e-type in this paper. As shown in subsequent Sections
and also in the paper by Corbelli et al. (2019) where deep CO
searches have been carried out, the e-type are highly contami-
nated by background sources and thus most of them do not be-
long to M33. Background contamination is particularly relevant
for dim sources, with flux at 24µm smaller than 5 mJy, and no as-
sociated molecular cloud or Hα emission such as type-e sources
Corbelli et al. (2019). We cannot exclude, however that a few of
them might be embedded YSCs in low mass molecular clouds.
2.2. The molecular cloud catalogue
Using the IRAM 30m CO J=2-1 data cube of M33, we identi-
fied 566 GMCs, as described in Corbelli et al. (2017), and whose
properties are listed in the GMCs catalogue. The GMC masses
are between 2×104 and 2×106 M and GMC radii between 10
and 100 pc The number of GMCs above the survey complete-
ness limit (MH2 ≥ 6.3 × 104 M) is 490. Corbelli et al. (2017)
classified the GMCs as non-starforming (class A), with embed-
ded SF (B), or with exposed SF (C). A few ambiguous cases are
in class D. The FUV, Hα and MIR emission maps of M33 have
been used to classify the GMCs.
The majority of the MIR sources in the inner zones
(R<4 kpc) lie within a GMC boundary while this is not true for
MIR sources in the outer disk. There is an extraordinary spa-
tial correspondence between the GMCs and the distribution of
atomic hydrogen overdensities in the inner zones. In the outer
zone there are fewer GMCs, possibly because of a steepening
of the molecular cloud mass spectrum, with a larger fraction of
clouds being below the survey completeness limit.
2.3. The radio source catalogue
Recently using JVLA radio continuum maps of M33 at 1.4
and 5 GHz at a spatial resolution of about 6 arcsec, White
et al. (2019) catalogued 2875 sources with fluxes between 2 and
33000 µJy (except for one with a flux of about 0.17 Jy) with
a completeness limit around 300 µJy. Most of the luminous ra-
dio sources are stellar-like objects, background QSOs or MW
stars; a few are sources associated with the two most promi-
nent HII regions of M33, NGC 604 and NGC 595, which we
exclude from the current analysis because of their extended and
complex structure. White et al. (2019) have also identified SNR
using the optical catalogues of Long et al. (2010); Lee & Lee
(2014). Background contamination is present at all flux densi-
ties in radio but the number of background sources dominates
over local sources in number as the flux gets below 300 µJy. To
identify M33 sources it is therefore mandatory to use identifi-
cation of other counterparts with line emission such as Hα and
molecular clouds.
2.4. Emission at other wavelengths
For MIR sources we have recovered the emission at other wave-
lengths, such as Hα, by aperture photometry which has been de-
scribed in detail by Sharma et al. (2011). We noticed that the
for radio sources coincident with MIR sources the Hα emission
in White et al. (2019) catalogue was much lower that that as-
sociated to MIR sources by Sharma et al. (2011), especially for
bright sources. Accurate Hα photometry is needed to estimate
the thermal fraction of radio emission from YSCs. Therefore
to trace the ionized gas associated to radio sources we perform
new aperture photometry, centering a circular aperture on radio
source coordinates. We set the aperture radius equal to 1.5 times
the mean between the semiminor and semimajor source axis, and
subtracting the local background (see Sharma et al. 2011, for
more details on aperture photometry). As described by Hoopes
& Walterbos (2000) M33 has, in fact, a non negligible diffuse
fraction of ionized gas due to leakage of ionizing photons from
HII regions and to massive stars in the field. An aperture larger
than the source radius account for the position of the source
center and extension which may change with wavelength. We
adopt the narrow-line Hα image of M33 obtained by Greenawalt
(1998) and described in detail in Hoopes & Walterbos (2000).
As suggested by the authors a 5% contamination by NII has been
considered and accounted for.
Additional radio observations of M33 were carried out with
the Karl Jansky Very Large Array (JVLA) 3 at C-band (5.5-
7.5 GHz) in D configuration as part of the Cloud-scale Radio
Survey of Star Formation and Feedback In Triangulum galaxy
(CRASSFIT, Tabatabaei et al. in prep.) between November 2011
and March 2012. Two continuous base-bands (of 1024 MHz)
were tuned at 5.5-6.5 GHz and 6.5-7.5 GHz, each with 8 sub-
bands of 128 MHz. A mosaic of 5x5 was used to cover the inner
18′×18′ star forming region including the main spiral arms with
similar sensitivity. The total on-source observing time per point-
ing was about one hour leading to an rms noise of 6 µJ per 9”.35
beam in the final image. The two sources 3C 48 and 3C 138 were
used as the primary flux density and the antenna gain phase cali-
brator during the observations. The data were reduced in the Obit
package (Cotton, 2008, PASP, 120, 439) using the standard VLA
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calibration procedure. Each pointing was imaged and then com-
bined into a mosaic using the wideband Obit imager MFImage
(Cotton et al. 2018, ApJ, 856, 67). We shall refer to this dataset
as the 6.3 GHz map. The negative sidelobes sometime visible in
the White et al. maps are not present in the 6.3 GHz map which
can be used for deeper and more sensitive searches of YSCs ra-
dio counterparts.
In performing aperture photometry for radio sources on the
6.3 GHz map we use circular apertures with aperture radius
equal to the source radius at 1.4 GHz convolved with the beam
of the 6.3 GHz map. We subtract the local background, having
corrected the 6.3 GHz map for missing short spacing, using the
’mode’ function in a 3 pixel wide annulus at a distance of at least
4 pixels from source aperture boundary.
We would like to underline here that we have also performed
aperture photometry without background subtraction both on Hα
and on radio continuum maps. The results discussed in the next
Sections remain unchanged since flux variations are marginal
with the largest flux increase being that relative to the 6.3 GHz
data. In Section 4, where we separate the thermal and non-
thermal radio flux at 5 GHz using Hα emission, we also show
results for a varying aperture size and using a smoothed version
of the Hα image. This has been obtained by convolving the orig-
inal map (at about 3 arcsec spatial resolution) with a gaussian
function of 6 arcsec FWHM, which is the spatial resolution of
the 24 µm and 5 GHz maps.
Photometry for emission within GMCs is carried out using
the the irregular GMC shape recovered by Corbelli et al. (2017).
The shapes and GMC images are available for a subsample of
them in the on-line version of Gratier et al. (2012). No back-
ground is subtracted in this case although some low level of dif-
fuse emission might be associated with the atomic gas in the
M33 disk along the line of sigh to the GMC.
2.5. Uncertainties
The 1.4 GHz map of White et al. (2019) is less affected by side-
lobes than the 5 GHz map and we trust the sources identified in
the catalogue at 1.4 GHz. The source flux at 5 GHz can be recov-
ered using the catalogued spectral indexes and flux at 1.4 GHz.
This is in good agreement with the flux recovered at 6.3 GHz
if we use the 6.3 GHz map before corrections for short spac-
ing are applied. As noticed by White et al. (2019), source fluxes
at 1.4 GHz are lower than those of Gordon et al. (1999) and to
get an agreement a positive correction is needed. Increasing the
1.4 GHz fluxes of White et al. (2019) by about 30% brings them
in agreement with the fluxes recovered using the 1.4 GHz map
of Tabatabaei et al. (2007c) and the unpublished JVLA map at
the same frequency (Tabatabaei et al. in preparation). Moreover,
in the radio catalogue the HII region spectral indices are mostly
positive, with a mean value of about 0.1, while we expect them to
be negative because optically thick radio emission on the scale of
tens of parsecs is unlikely. Increasing the 1.4 GHz fluxes by 30%
implies spectral indices lower by about 0.2 and hence more phys-
ically reasonable. However, in this paper we use the 1.4 GHz
data without applying any correction but we shall focus more on
the high frequency emission at 5 and 6.3 GHz, for which no cal-
ibration corrections are needed. We use the White et al. (2019)
data considering 30% calibration errors in addition to photomet-
ric and spectral index uncertainties.
Photometric errors for Hα are negligible and calibration er-
rors are of order 5%.
Fig. 1. The bottom panel shows the radio flux at 1.4 GHz of
sources in the White et al. catalogue versus the associated Hα
flux in the same catalogue. The magenta color highlights sources
in the radio catalogue which are associated with MIR sources
in the catalogue of Sharma et al. (2011). These are plotted also
in the upper panel where filled (green and red) and open (blue
and cyan) symbols are used for MIR sources associated and not-
associated with known GMCs respectively. The color coding,
as indicated in the upper left corner, outlines the classification
scheme of Corbelli et al. (2017) (see text for details), with blue
and red colors marking MIR sources with a clear counterparts in
Hα (c-type).
3. Radio counterparts to MIR sources
To have an overview of the radio sources in the M33 area we
plot in Figure 1 the radio flux at 1.4 GHz for all radio-sources
in the White et al. (2019) catalogue versus Hα emission given in
the same catalogue. There are clearly two distinct source popu-
lations, one for which the radio and Hα flux establish a corre-
lation and the other, more numerous and with lower Hα fluxes,
for which the correlation is lost. Because of noise and diffuse
emission Hα fluxes below 10−15 erg s−1 cm−2 are not peaks in
the map. At the distance of M33 (840 kpc) this implies that we
can only measure luminosities above 1035 erg s−1 equivalent to a
source as faint as a B1-type star. The value of 10−15 erg s−1 cm−2
is also the 3-σ limit for Hα reliable counterparts of MIR selected
sources using the Hα image we adopt (Greenawalt 1998) . Only
in less crowded regions far from the center, where the diffuse Hα
emission is low, it is sometime possible to detect Hα counterpart
fainter than 10−15 erg s−1 cm−2.
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We identify sources in the MIR catalogue with sources in the
radio catalogue. For a source at 24 µm to be identified as the MIR
counterpart of a source in the radio catalogue we require that
the distance between the two sources to be less than the smaller
source radius between that given at radio frequencies and that
measured at 24 µm. We also visually analyzed all sources which
partially overlap when their distance is less that the largest radius
between the radio and MIR one, but not less than the smallest
of the two, and include some of them in the list of MIR-radio
associations. Not all the MIR sources that are left without a radio
counterpart represent star forming sites with no radio emission
because of the following:
i)MIR background contamination on source selection
ii)MIR source blending and problem with source centroid
iii)shift between location of radio emission and that of hot
dust
iv)sources lying outside radio maps
v)failure of radio source extraction because of faint radio
emission contaminated by negative sidelobes.
We have a radio source counterpart for 330 of the 630 MIR
sources and these are plotted in magenta color in the bottom
panel of Figure 1. In the upper panel we use different colors to
mark b-type, c-type and e-type MIR sources associated with ra-
dio sources in the catalogue. We find 7 out of 97 b-type sources,
287 out of 410 c-type sources, and 30 out of 104 e-type sources
with counterpart in the radio catalogue. As shown in the upper
panel of Figure 1 the star forming regions which have some op-
tical or FUV counterpart (of c-type), show a clear correlation
between Hα and radio continuum flux. The red filled circles are
for MIR sources associated with known GMCs in Corbelli et al.
(2017) while open symbols are for MIR sources without an asso-
ciated GMC because the native cloud is too faint to be detected,
either because of its small mass or because the GMC is dissolv-
ing as the source evolves.
MIR sources without an optical counterpart do not follow a
clear correlation with the radio counterpart but we have to under-
line that b- and e-type sources of low 24 µm flux (below 5 mJy)
suffer of strong background contamination. Therefore some of
the MIR-sources of b- and especially of e-type with associated
radio emission can be background objects (Corbelli et al. 2019).
The e-type MIR sources have radio spectral indexes much more
negative than YSCs, and distributed around the value of -0.8;
this confirms that they are a different population, likely asso-
ciated to background galaxies. Some MIR sources, which are
not in the Figure, because don’t have an associated radio source,
might have suffered a displacement of the MIR emission with
respect to radio peaks. This can happen for example as the HII
region expands: the dust can be located just on a side of the ion-
ized bubble while radio emission might peak where non-thermal
or thermal emission is strongest. On the other hand radio emis-
sion due to embedded compact HII regions might also have been
diluted in the beam.
In the bottom and middle panel of Figure 2 we plot the MIR
flux at 24 µm versus the radio continuum at 1.4 and 5 GHz re-
spectively for all matched catalogued sources, color coded ac-
cording to their class. The 5 GHz flux has been recovered us-
ing the 1.4 GHz flux and spectral indexes of White et al. (2019).
There is a well defined correlation between radio and MIR emis-
sion in star forming regions. The correlation gets tighter if we
consider sources at R < 3 kpc or young sources i.e. located in
GMCs (red and green symbols). In the middle panel the contin-
uous line is the best fit to the distribution which minimizes the
geometrical distances to the line i.e. he sum of the squares of
the distances from the data to the line. The slope of the corre-
lation shown is 0.72 and is unchanged if we replace the 5 GHz
with the 6.3 GHz flux. The slope is slightly higher, 0.81, if only
exposed sources hosted by molecular clouds (red dots) are con-
sidered. We would like to underline here that of the 285 HII re-
gions identified by White et al. (2019) only 58 are coincident
with MIR sources considered here. We have in our MIR sam-
ple only 31 SNRs (identified with code 11 or 9) of the total 104
SNRs with radio continuum peaks.
Radio continuum and mid-infrared radiation are both linked
to the formation of massive stars and a nearly linear correla-
tion is expected when integrated over the whole galaxy extent.
The UV radiation from massive stars is partially absorbed by
dust and ionizes the surrounding ISM where thermal electrons
give rise to free-free emission, while shocks from winds and
SNR produce cosmic rays that emit non-thermal (synchrotron)
radiation. However variations in dust abundance and magnetic
field strength justify possible deviations from a linear relation.
Integrated over the whole galaxy the average ratio between the
24 µm and the radio flux density at 1.4 GHz is lower than what
we find in most star forming regions of M33 (Huynh et al. 2010;
Appleton et al. 2004). Only regions hosting a SNR show ratios
similar to galaxy integrated values. This can be attributed to the
non continuous production of cosmic rays which diffuse away
from star formation sites, but also to the nature of 24µm emis-
sion which is more enhanced where massive stars form and less
diffuse than other infrared tracers. However, in M33 dust opac-
ity in star forming regions is not high enough to absorb most of
UV and optical starlight (Verley et al. 2009) and 24µm radiation
alone does not trace star formation accurately. The dust abun-
dance, like gas phase metal abundances (Magrini et al. 2010),
decreases with galactocentric distance and this variation is also
driving the sublinear relation between the 24 µm emission and
radio continuum. The lack of strong spiral arms in the regions
beyond corotation (Corbelli et al. 2019) favors the birth of small
star forming sites with a lower MIR-to-radio emission ratio than
sites in the inner regions, closer to what is found for galaxies on
a larger scale. The open blue circles at the faint end of the distri-
bution in Figure 2, are examples of this type of YSCs. They lie
mostly in the outer disk where CO lines are weaker and have no
identified giant molecular clouds.
3.1. Radio continuum photometry of undetected
counterparts
We now consider all the MIR sources which are associated with
a GMC or that have an optical counterpart and very likely are
star forming regions in the M33 disk (we refer to these as Young
Stellar Clusters, hereafter YSCs). Those are listed as sources
type-b,-c,-d in the classification scheme of Corbelli et al. (2017)
(see their Table 2) and are in total 526, 300 of which have
an associated radio source. To complement the existing radio-
catalogue by deeper searches for diffuse radio-emission associ-
ated with the remaining MIR sources, we carried out aperture
photometry on the radio map at 6.3 GHz. This covers a smaller
region than the 5 and 1.4 GHz maps and hence a substantial frac-
tion (about 30% of the total ) of the MIR sample lies outside this
map.
Of the sources inside the map which had no radio counterpart
in the catalogue we detect 90% of them using aperture photom-
etry. By adding the number of detected MIR sources with aper-
ture photometry to the number of matched sources listed in cata-
logues we have a radio counterpart for 440 MIR sources. Inside
the 6.3 GHz map we can claim a detection rate of 95% includ-
ing catalogued and non-catalogued radio counterparts. Given
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Fig. 2. The bottom panel shows the radio flux at 1.4 GHz of
sources in the White et al. catalogue versus the flux at 24 µm
of the associated MIR sources, color coded as in Figure 1. Flux
units are mJy. The star symbols indicate the presence of identi-
fied SNR in the region (code>8). In the middle panel the radio
flux at 5 GHz has been computed using the spectral index of
each radio source in the catalogue. We show only data for b-
and c-type sources with the continuum line that is the best fit to
them. In the upper panel we display the radio flux at 6.3 GHz
from aperture photometry of b- and c-type MIR sources with no
catalogued radio counterpart but covered by the 6.3 GHz survey.
Color coding is the same as in the other panels although cross
symbols are used for these sources. The continuum line is the
same as in the middle panel while dashed line is the fit to all
data in the middle and upper panel.
the fact that the non-detected sources are small and affected by
beam dilution, and moreover some might have had a bright ra-
dio source nearby that artificially affected the estimated back-
ground, we can say that MIR-source located in the inner disk
(at R< 4 kpc) and related to star-forming regions have associ-
ated radio-emission. The fraction of MIR sources with a radio
counterpart at larger radii is > 60% but we cannot constrain this
number better due to the limited coverage of the 6.3 GHz map.
In the upper panel of Figure 2 we show the radio flux re-
covered by aperture photometry on the 6.3 GHz map, versus the
24 µm flux of MIR star forming sources with no catalogued radio
counterpart. The dashed line is the fit to all sources in the middle
and upper panel of the Figure. Its slope is 0.80 slightly higher
than the fit relative to matched catalogued sources only. Clearly
YSCs without a catalogued radio counterpart have weaker radio
fluxes than YSCs with similar MIR fluxes. This is also because
most of these sources are still embedded, in the early phases of
star formation prior to the onset of winds and shocks with en-
hanced turbulent magnetic fields and cosmic ray acceleration.
However, there is a good agreement of the radio fluxes recov-
ered via aperture photometry at 6.3 GHz with those recovered
by source extraction at slightly lower frequency. This proves that
indeed there is only a unique population of YSCs in M33 and
that the relation between the radio-continuum at 6.3 GHz and
the MIR flux is slightly sublinear, with the MIR flux increasing
faster than the radio flux does as the YSCs becomes brighter.
4. Thermal and non-thermal radio emission
In this Section we investigate the fraction of radio emission that
is linked to thermal and non-thermal processes in YSCs. To de-
rive the thermal fraction in YSCs we use the extinction cor-
rected Hα flux. This has been computed using the expression of
the free-free absorption coefficient in the Rayleigh-Jeans regime
with the velocity averaged Gaunt factor given by Draine (2011)
and assuming that hydrogen atoms provides most of the ions and
free electrons:
kν
cm−1
= 1.091neni10−25(
T
104K
)−1.32(
ν
1GHz
)−2.118 (1)
where ν is the frequency in GHz, T is the electron temper-
ature in K, ne and ni are the electron and ion densities in cm−3.
The brightness temperature is the product between the electron
temperature and the optical depth τν, the latter being the integra-
tion of kν along the line of sight. Using the emission measure EM
in cm−6 pc we can write the brightness temperature for free-free
emission as:
T f fb
K
' τνT = 3.37 10−3 ( T104K )
−0.323 (
ν
1GHz
)−2.118(
EM
cm−6pc
)(2)
The flux density for a source of uniform brightness is
S f fν =
2ν2kBT
f f
b
c2
Ωs (3)
with kB the Boltzmann’s constant, c the speed of light and
Ωs the angular source extent. Using the above expression for the
brightness temperature the flux density in milliJansky is
S f fν
mJy
= 0.1033(
T
104K
)−0.323 (
ν
1GHz
)−0.118(
EM
cm−6pc
) (4)
The intensity of Hα line emission Dong & Draine (2011) is
IHα
ergs cm−2 s−1 sr−1
= 0.87 10−7 (
T
104K
)−0.94−0.031ln(T/10
4) (
EM
cm−6pc
)(5)
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For recovering FHα, the Hα flux over the source extent, we mul-
tiply the above expression by Ωs. We can then write the free-free
flux density in milliJansky as a function of FHα in ergs cm−2 s−1
as
S f fν
mJy
= 1.187
FHα
10−12ergs cm−2 s−1
(
ν
1GHz
)−0.118(
T
104K
)y(T ) (6)
where we have defined y(T)=0.619+0.031 ln(T/104).
From now on we shall use the Hα flux values measured by
our aperture photometry centered on radio sources which are in
good agreement with those of Sharma et al. (2011) centered on
MIR sources. The correlation between Hα fluxes, from our aper-
ture photometry measurements, and fluxes at 5 Ghz for radio
sources associated to YSCs are shown in Figure 3. The dashed
line indicates the expected Hα flux if the radio emission were
due to free-free emission only. This has been recovered using
eq.(6) for an average electron temperature of 104 K across the
star forming disk of M33. In the left panels we have not cor-
rected the Hα line for internal extinction (the Galactic extinction
is negligible in the direction of M33).
We use the MIR emission to correct the Hα for internal ex-
tinction according to Kennicutt et al. (2009) as follows:
FcorrHα = FHα + 0.02ν24
F24
erg cm−2 s−1
C (7)
FcorrHα
10−15
=
FHα
10−15
+ 2.5
F24
mJy
C (8)
where the Hα flux is in erg s−1 cm−2 and the observed value
is FHα. C is a correction factor which takes into account the dif-
ferent MIR and radio source radius. The extent of MIR sources
is usually larger than the associated radio sources for large fluxes
and therefore we correct the 24µm flux values given by Sharma
et al. (2011) for the different source extent using the factor C
equal to the ratio of the radio-to-MIR source area. In the right
panel of Figure 3 we show the extinction corrected Hα flux as-
sociated to YSCs. These corrections are especially important for
MIR sources associated with GMCs since extinction corrections
here are larger, although for M33 these are never extremes. In
Figure 3 we add the 6.3 GHz radio and Hα fluxes for MIR
sources without radio catalogued counterpart for which the radio
flux at 6.3 GHz has been recovered by aperture photometry. A
comparison between the left and right panels in Figure 3 shows
that extinction corrections are particularly relevant for embedded
YSCs. The e-type sources, not shown in the Figure, do not fol-
low the general correlation and this confirms that these are likely
background galaxies. The Figure underlines again that small and
dimmer YSCs in M33 have both radio continuum and Hα emis-
sion, although resolution and sensitivity limits imply that often
these cannot be recover by using source extraction algorithms.
The relation is in agreement with that found for brighter sources
and hence we conclude that they belong to the same population.
The correlation between Hα and radio fluxes extend over 4
orders of magnitudes. The expected thermal radio emission com-
puted from the Hα emission using equation (6) is shown with a
dashed line also in panel (b). The radio flux associated with star
forming regions is 2-2.5 times stronger on average than expected
if only thermal radio emission were associated to the YSCs.
We notice the unambiguous presence of non-thermal emission
in MIR sources with Hα flux greater than 2× 10−13 erg s−1 cm−2
which correspond to a luminosity of 2×1037 erg s−1 at the dis-
tance of M33, equivalent to a cluster populated up to O7-type
star. Indeed theoretical computations predicts that only O-type
stars more massive than M* are able to produce a wind and there-
fore a shock. Despite the value M* is still debated it is close to
that of O7-O6 spectral type (Vink et al. 2000; Marcolino et al.
2009; Muijres et al. 2012).
4.1. Possible dependencies of non-thermal fractions on
source compactness and galactocentric distance
Below we refine our computation to investigate the variations
of thermal and non-thermal fractions with the luminosity, age,
and local environment of the star forming regions. The electron
temperature, needed to estimate the free-free emission, can be
measured in HII regions through spectroscopy of auroral lines.
For M33 Magrini et al. (2010) have derived how this temperature
increases with galactocentric radius. Expressing the latter in kpc
the radial dependence of the electron temperature in M33 reads:
Te
K
= 410
R
kpc
+ 8600 (9)
From now on we measure the total radio flux and the cor-
responding Hα flux by performing aperture photometry both on
the 5 GHz map and on the Hα map, the latter smoothed to the
resolution of the radio map. We consider only YSCs of c-type
i.e. MIR sources with radio counterpart in the catalogue of White
et al. (2019) which are no longer fully embedded into the native
molecular cloud but have an optical or UV counterpart. We di-
vide these YSCs into 3 categories according to their radius Rs:
small for 3≤Rs < 6 arcsec, medium for 6 ≤ Rs < 9 arcsec, and
large for 9≤Rs < 18 arcsec. The radius Rs is the average be-
tween source semiminor and semimajor axes at 1.4 GHz as listed
in the catalogue of White et al. (2019). The non-thermal com-
ponent is just the difference between the total radio flux and the
thermal component, the latter being computed using equation (6)
with the radially dependent electron temperature Te. To check
that the resulting non-thermal fractions do not depend much on
the aperture, we vary the aperture size but use consistently the
same aperture on both maps and compute both backgrounds in
annuli placed at distances of 3-3.5 times the source radius.
Figure 4 shows the resulting non-thermal to total radio flux
ratio as a function of the 5 GHz radio flux density F5GHz. This is
the total flux density in mJy in a circular aperture whose radius
is Rap=1.5Rs. Small, medium and large sources are displayed in
the top, middle and bottom rows respectively. The histograms
to the left show the number of sources in each flux bin. The
central panel shows the median (filled triangles) and the mean
(open circles) non-thermal fractions with their standard devia-
tions for each flux bin. The green, blue and magenta colors in-
dicate apertures with radii of 1,1.5 and 2 Rs respectively. We
see that there is a common trend for all apertures for both the
mean and median values. We have also checked our results us-
ing photometric fluxes with no background subtraction. Large
sources show no clear dependence of the non-thermal fraction
with radio flux density and have lower fractions than more com-
pact sources of the same luminosity. An increase of the mean and
median non-thermal fractions as a function of radio flux den-
sity are clearly seen for medium and small source sizes. The
most compact sources brighter than 0.3 mJy show the steep-
est rise with radio flux density. These sources do not host cat-
alogued SNRs but have non-thermal fractions > 50% at 5 GHz.
Faint radio sources in low mass YSCs have a large dispersion
around the mean because of the stochastic character of the Initial
Mass Function (Corbelli et al. 2009) which implies that low mass
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Fig. 3. The Hα fluxes in erg cm−2 s−1 measured through aperture photometry at the location of radio sources associated with MIR
emission are shown in panel (a) as a function of the radio flux recovered from catalogued data at at 5 GHz in mJy. Color coding
is the same as in Figure 1 but open symbols have been used. In the right panel (b) we display for the same sources the Hα flux
corrected for internal extinction. Filled symbols indicates radio fluxes from aperture photometry at 6.3 GHz of b- and c-type MIR
sources with no catalogued radio counterpart. The predicted Hα emission if the radio flux were due to free-free radiation only is
shown with a dashed line. The star symbols indicate the presence of identified SNR in the regions (catalogue code>8).
YSCs only occasionally host massive stars. Star forming regions
with a large non-thermal to thermal radio flux ratio follow the
high surface density knots of gaseous filaments while the others
are more coarsely placed around or on the filaments.
In the last panel of Figure 4 we plot again the mean non-
thermal fraction in apertures with Rap= Rs (green color). We
add to these points the mean non-thermal fraction in the annu-
lus between 1 and 1.5 Rs (blue color) and between 1.5 and 2 Rs
(magenta color). We can see, by comparing panel (a1) and (a2),
that the excess of non-thermal flux for compact bright sources is
close to the peak of the emission (green circles) since the exter-
nal annuli (in magenta) have lower non-thermal fractions. There
is no consistent monotonic trend for variations of non-thermal
fractions with distance from the radio emission peaks, and no
obvious correlation with the radio spectral index given in the
catalogue.
In the two panels of Figure 5 we show the correlations be-
tween the thermal and non thermal radio continuum at 5 GHz
with the 24 µm emission. The linear relations in the log-log
plane have slopes of 0.50 and 0.68 for the thermal and non ther-
mal radio emission respectively (by minimizing distances of data
points to a straight line). The larger scatter at low luminosities
in the non-thermal radio continuum-MIR correlation is likely
due to non-continuous injections of fast particles and to stochas-
tic sampling of the upper end of the stellar IMF (Initial Mass
Function) which settles in as the cluster mass decreases (Corbelli
et al. 2009). Turbulent magnetic field amplification and CR ac-
celeration clearly depend on the presence of shocks related to
massive stars and might be enhanced in some low luminosity
star forming regions that host massive star outliers. The slope of
the relation is similar to what Basu et al. (2017) find sampling
IC10 at 6.2 GHz on 55 pc scale. The thermal radio continuum
declines more slowly with the YSC MIR luminosity than the
non-thermal component does. The MIR sources are not overlap-
ping completely with their radio continuum counterparts and in
particular they are larger for bright sources. This implies that the
total Hα flux corresponding to the MIR source, and hence the
thermal radio continuum, might be larger in the whole star form-
ing region what has been used in Figure 5 and which refers to
the location of the radio source. An additional diffuse radio ther-
mal component might be present for bright sources which would
make the MIR-thermal radio continuum correlation steeper. This
can be checked in the future at larger scales using radio maps
corrected for short spacing.
In Figure 6 we show the galactocentric radial dependences
of the MIR-to-radio continuum and MIR-to-thermal radio con-
tinuum and non-thermal-to-thermal radio continuum ratios. The
green dashed lines are plotted for reference and indicate the me-
dian value of the distributions. The radial slopes in the bottom
2 panels of Figure 6 are similar and driven by the radial de-
crease of dust abundance, particularly evident beyond 3.5 kpc.
Sources with Fth/Fnth > 1 at 5 GHz are 40% of the total num-
ber of sources at R< 3.5 kpc. This percentage decreases to 25%
for R> 3.5 kpc. Non-thermal emission therefore increases with
galactocentric distance although the electron temperature in HII
regions increases as well to power thermal emission. This result
is consistent with a decrease in the radio thermal fraction on a
larger scale going radially outwards in M33 (Tabatabaei et al.
2007c).
5. Radio emission from molecular clouds
One of the most striking aspects of the radio emission is how it
follows the star formation. This is true for both the thermal and
non-thermal emission. In Figure 7 we compare the radio emis-
sion at 1.4 GHz with the thermal dust emission at 24µm in two
kpc-size arm regions, one in the northern side and the other on
the southern side.
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Fig. 4. The non-thermal fraction at 5 GHz of radio sources as-
sociated with MIR sources in exposed HII regions is shown in
(a1) for small sources, in (b1) for medium sources and in (c1) for
large sources as a function of the radio flux density at the same
frequency. Filled triangles are the median values, open circles
the mean values with the standard deviations. Colors indicates
different apertures: green for Rap=Rs, blue for Rap=1.5 Rs and
magenta for Rap=2 Rs. Left panels show the number of sources
in each bin for sources of small (top), medium (middle) and
large (bottom) size. Right panels display the non-thermal frac-
tions for Rap=Rs (open green circles), in the annulus between
Rs and 1.5Rs (open blue squares) and between 1.5Rs and 2Rs
(open magenta squares) for small, medium and large sources
(a2, b2, c2 respectively). Radio flux units are mJy.
Zooming into 100 pc size regions we can investigate the ra-
dio emission from individual molecular clouds and how this re-
lates to other tracers of star formation. Each molecular cloud
covers a well-defined region in the sky (e.g. Fig.4 of Corbelli
et al. (2017)) and we now discuss the radio emission from the
GMC sample, using photometry of the regions within the cloud
boundaries. We exclude for the statistical analysis clouds outside
the 5 GHz map and in the proximity of NGC604.
We compute both the total radio emission and the residual
emission for each GMC. Residual emission has been estimated
after subtracting the flux of radio sources in the catalogue of
White et al. (2019) associated with each GMC, FGMC-Fsrcs, con-
sidering radio sources within the average cloud radius. For indi-
vidual clouds the residual emission can be negative if, for exam-
ple, the radio source is close to cloud boundary because some
flux might not be within the GMC contour. Table 1 lists for
each cloud class the median (FGMC5 ) and mean (¡F
GMC
5 ¿) fluxes at
5 GHz, the median and mean residual emission (FGMC5 -F
srcs
5 and
¡FGMC5 -F
srcs
5 ¿ respectively). In addition we show the mean mass
of GMCs, the median and mean Hα and 24µm fluxes for each
cloud class. Radio emission is clearly detected for most of the
clouds with exposed star formation (C class) with a wide disper-
sion: fluxes are distributed mostly between the values of 50 and
5000 µJy at 5 GHz with a median value of 282 µJy. Radio emis-
Fig. 5. Correlations between the non thermal (a) and thermal (b)
radio continuum at 5 GHz with the 24 µm emission in 248 ex-
posed HII regions of M33. The lines minimize distances of data
points to them and have slopes of 0.68 and 0.50 in panel (a) and
(b) respectively. Radio flux units are mJy and have been mea-
sured using circular apertures with Rap=1.5 Rs.
sion at 5 GHz is detected for about 80 % of B-type clouds with
most of the fluxes being between 50 and 500 µJy and a median
value of 20 µJy, much lower than for C-type clouds. For inactive
clouds, or GMCs without massive star formation (A class), radio
fluxes are distributed around the value of zero.
The low detection rate of clouds without star formation is in-
teresting but requires further investigation using radio maps cor-
rected for missing short spacing. Molecular clouds are expected
to concentrate magnetic fields, which could result in some dif-
fuse non-thermal emission if cosmic rays penetrate the clouds.
There are 3 A-type clouds next to NGC604 which show en-
hanced radio emission and a double peak in the CO J=1-0 line.
Likely strong shocks in the expanding shell of NGC604 com-
press the surrounding interstellar medium favoring the formation
of GMCs and the propagation of relativistic particles streaming
along the magnetic field lines. In a future paper, dedicated to
the mechanism for cosmic ray acceleration, we will use radio
maps corrected for short spacing to examine in more detail dif-
fuse radio emission in GMCs at various stages of evolution and
at different locations in the disk.
Residual emission, not associated with identified radio
sources, is barely present in B-type clouds but it represents
about 1/3 of the total radio emission, for GMCs of class C, with
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Table 1. Median and mean radio fluxes at 5 GHz, Hα and 24µm emission for each GMC class
GMC GMC FGMC5 F
GMC
5 -F
srcs
5 F
GMC
Hα F
GMC
24 ¡ M
GMC¿ ¡FGMC5 ¿ ¡F
GMC
5 -F
srcs
5 ¿ ¡F
GMC
Hα ¿ ¡F
GMC
24 ¿
type N µJy µJy ergs cm−2 s−1 µJy M µJy µJy ergs cm−2 s−1 mJy
A 169 -7. -7. 7.2 10−15 4. 1.3 105 -2. -6. 1.4 10−14 6.
B 86 20. 11. 1.5 10−14 9. 2.1 105 52. 7. 2.8 10−14 13.
C 276 282. 85. 6.7 10−14 19. 3.6 105 795. 251. 1.5 10−13 48.
Fig. 6. The radial trend of MIR-to-radio flux ratio at 5 GHz (bot-
tom), for the thermal radio emission only (middle), and the non-
thermal-to-thermal ratio at 5 GHz (top) are plotted for exposed
YSCs with radio counterparts in the catalogue. Dashed green
lines are reference lines placed at the median value of the distri-
butions.
exposed star formation. As star formation progresses, and the
GMC becomes of C-type with the YSC breaking through the
cloud, the increase of radio emission in GMCs is much stronger
than any corresponding increase of thermal emission (as in-
dicated by Hα recombination lines or hot dust emission). As
shown in Table 1, in fact, both Hα or 24µm emission increase
only by a few from B to C class clouds. The average radio emis-
sion instead increases by more than one order of magnitude sug-
gesting a substantial increase of the non-thermal component as
the YSC evolves. In Figure 8 we show the correlation between
the radio and the Hα flux from GMCs; in the right panel we
have binned the GMCs according to their Hα emission. An aver-
age correction for extinction has been applied to the Hα emis-
sion from GMCs using Eq.(8), where all fluxes refer to inte-
grated quantities inside each GMC contour. The trend for the
Fig. 7. We compare radio and MIR emission of a kpc-size region
allowing details of tens of parsecs in size to be seen. Color im-
age is 1.4 GHz radio emission from White et al. (2019) shown
with a log scale of a portion of the northern (upper panel ) and
southern (bottom panel) side of M33. Contours are 24 micron
Spitzer emission at 1, 3, and 10 (thick blue line) MJy/sr.
red dots, which indicate clouds with exposed star formation (C-
type), is very similar to what we found for individual YSCs. The
Figure underlines the weaker radio emission of A- and B-type
GMCs (magenta and green dots respectively). The large disper-
sion, as indicated by the errorbars, is due both to variations of
the star formation rate in GMCs and to some sidelobe affecting
the 5 GHz map.
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Fig. 8. The radio at 5 GHz versus the Hα emission for each GMC
is displayed in the left panel. In the right panel the mean radio
emission from GMCs in bins of Hα is shown. An average cor-
rection for extinction, using the 24 µm emission associated with
each cloud, has been applied to the Hα flux of individual GMCs.
Red circles are relative to C-type clouds with exposed YSCs,
green circles are for B-type clouds with embedded star formation
and magenta circles for inactive clouds of A-type. Only data for
GMCs detected at 5 GHz have been used. The dashed line shows
the expected thermal component at 5 GHz
6. The link between radio emission and star
formation: from GMCs to YSC scale
We have seen in the previous Section that thermal radio emis-
sion in HII regions can be estimated from recombination lines
such as Hα and we have used the 24 µm flux density to correct
Hα for internal extinction (generally low for exposed YSCs in
M33). Extinction corrected Hα emission provides an estimate
not only of the thermal radio flux density but also of the local
star formation rate. For the scales we are examining here, from
GMCs to YSCs, star formation is an event that lasts less than
the GMC lifetime, the latter being estimated of order 14 Myrs
(Corbelli et al. 2017). YSCs start breaking through the cloud
when they are about 5 Myrs old, after the embedded phase,
(Corbelli et al. 2017). Hence, the timescales involved when sam-
pling GMCs and YSCs are of order 10 Myrs, until the GMC dis-
perses through the ISM. If the stellar mass of the newly formed
cluster is not sufficient to fully populate the IMF at its upper end,
the Hα is no longer a good star formation rate indicator. This af-
fects cluster masses below 103 M or Hα luminosities lower than
1037 erg s−1, corresponding to a flux of about 10−13 erg cm−2 s−1
at the distance of M33 (Sharma et al. 2011). At lower luminosi-
ties stochastic sampling of the IMF with occasional formation of
massive stars implies one should use mean values of ensembles
of sources.
The distribution of the total radio flux at 5 GHz versus the
Hα flux corrected for extinction, is shown in Figure 9 in a log-
Fig. 9. The total (left panel) and non-thermal radio flux (right
panel) at 5 GHz for MIR selected star forming regions plotted as
a function of the Hα flux corrected for extinction. The relation
of the Hα emission is tighter with the total radio flux rather than
with the non-thermal radio continuum only. The fitted correla-
tions shown are drawn by minimizing distances to the line and
their slopes are 0.87 and 0.93 for the total and non-thermal flux
respectively. Plotted quantities are relative to circular apertures
with Rap=1.5 Rs. The green dashed line is the best fitted line
with slope unity.
log plot. The straight line, a fit to the data minimizing distances,
has a slope 0.93 and a very low dispersion. The dashed green
line is the fit to the data if we require a linear relation (a slope of
one). The goodness of this fit implies that low mass star forming
regions with Hα < 10−13 erg cm−2 s−1 or F5GHz < 0.3 mJy are
equally dim in radio as in Hα emission. The correlation of Hα
brightness with the non-thermal radio flux density shown by the
straight line in Figure 9(b) has a slope of 0.87 and is less tight.
This suggests the use of total radio continuum, which does not
suffer extinction, as indicator of the SFR. The following equation
(Kennicutt & Evans 2012) links the star formation rate with Hα
luminosities:
S FRHα
Myr−1
= 5.37 10−42
LHα
erg s−1
= 4.53 10−4
FHα
10−12ergs cm−2 s−1
(10)
This is in general an upper limit due to ionizing photon leak-
age from star forming regions, a problem which affects also the
thermal radio continuum. Using the linear relation (green dashed
line) shown in Figure 9, we can write
S FR5GHz
Myr−1
= 1.98 10−4
F5Ghz
mJy
= 2.35 10−28
L5GHz
erg s−1 Hz−1
(11)
We obtain the same expression when fitting the radio contin-
uum flux density at 5 Ghz versus Hα emission in GMCs. We can
then compare this expression, which applies to discrete events
of star formation at small scales, with the SFR integrated over
galaxies. Using the FIR-radio continuum correlation to calibrate
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the star formation rate in galaxies as a whole (Murphy et al.
2011) this reads:
S FRlarge1.4GHz
Myr−1
= 0.64 10−28
Llarge1.4GHz
erg s−1 Hz
(12)
Given the spectral indexes observed for the radio sources
(> −0.5) the ratio between YSCs luminosities at 1.4 and at
5 GHz is < 2. Hence, for a given SFR, equation (12) implies
a higher radio continuum luminosity than equation (11). That is
to say that the ratio between the Hα luminosity and radio con-
tinuum luminosity is higher in individual star forming regions
than globally, for integrated quantities in spiral galaxies. We re-
call that we reached a similar conclusion for the ratio between
the MIR emission and radio continuum in Section 3, with the ex-
ception of a few HII regions. On the other hand it is well known
that large scale radio emission in spiral galaxies has a strong
non-thermal radio component (Condon & Yin 1990): magnetic
fields are pervasive in the ISM and cosmic rays can quickly dif-
fuse away from where they are injected, supporting our finding.
To investigate in more detail the link between the radio emis-
sion and the star formation rate, or the ratio of thermal to non-
thermal radio continuum flux density, and how these vary from
the small to the large scale, we now analyse the sample of GMCs.
Cloud complexes generally extend over about 100 pc, occupying
a larger area than star forming and HII regions, except for very
massive YSCs whose HII regions are very extended and have
dispersed their native clouds.
In the left panels of Figure 10 we have added to the YSC
data, already displayed in panels (a1)-to-(c1) of Figure 4, the
mean GMC non-thermal to total radio continuum ratios. These
are computed for each bin of YSC radio continuum flux density
considering only molecular clouds associated with the YSCs in
that bin. They are shown as a function of the mean radio contin-
uum flux density of the hosted YSCs in each bin. In the middle
and top panels, i.e. for small and medium size YSCs, we can
see that radio bright YSCs are hosted by GMCs with similar
non-thermal to total radio continuum flux ratios. A few bright
compact YSCs have higher non-thermal to radio continuum flux
ratios than their host GMCs (Fig. 10(a)). This confirms our ear-
lier finding, showed in panels (a2) of Figure 4, that the high non-
thermal fractions in these sources decrease when considering a
wider area around them. We cannot exclude that the localized
excess of non-thermal fractions for a few bright compact radio
sources is indeed not correct, but due to an underestimate of
the free-free emission which has been considered optically thin
(Felli & Panagia 1981; Kobulnicky & Johnson 1999; Johnson
et al. 2001).
For extended radio sources, Figure 10(c1) shows that al-
though the associated GMCs follow the same trend with ra-
dio flux density as the associated YSCs, they have higher non-
thermal fractions, similar to clouds shown in other panels and
hosting more compact sources. In this case the HII region is
comparable to or larger than the GMC and it is expanding while
dispersing the parent cloud. It is conceivable that GMCs associ-
ated with some of these sources are leftovers or newly formed,
possibly triggered by HII shell expansion.
In the right panels of Figure 10 we plot in red the total-to-
thermal radio flux ratio for the whole ensemble of GMCs hosting
exposed YSCs (filled red squares). Data has been binned accord-
ing to cloud star formation rate per unit area and the same data
is displayed in all three panels for a direct comparison with the
same ratio measured for small (a2), medium (b2), and large (c2)
sources (open blue circles). On the x-axis we show the SFR per
Fig. 10. The left panels show the non-thermal to total radio con-
tinuum flux density ratio at 5 GHz in radio sources associated
to exposed YSCs (blue circles) using apertures with Rap=1.5Rs
for small (a1), medium (b1) and large (c1) sources. In the same
panels we show the non-thermal to total radio flux density ra-
tio for GMCs hosting the YSCs (red squares), as a function of
the radio emission of the YSCs. Not all YSCs have an associ-
ated GMC, especially if they are at large galactocentric radii or
spatially very extended. In the right panels we plot the total-to-
thermal radio flux ratio for the whole ensemble of GMCs hosting
exposed YSCs (filled symbols), binned according to their star
formation rate per unit area. Radio continuum has been used to
estimate the SFR density (red squares). From top to bottom we
compare the GMC ratios with that for the small, medium and
large sources respectively (open blue circles) binned according
to their SFR per unit area. The area around the source is circular
with a radius 1.5 Rs.
unit area, as traced by radio emission, computed inside cloud
contours for GMCs, and in a circular area with radius 1.5Rs
for YSCs. On the y-axis we display the log of total-to-thermal
flux ratio for a direct comparison with the model discussed by
Schleicher & Beck (2016) (see their Figure 10). For discrete star
forming sites, such as those we are considering here, the Figure
confirms that the total-to-thermal radio flux ratio increases with
star formation density for compact YSCs and clouds, but there is
a flattening for clouds with ΣS FR > 0.03 M yr−1 kpc−2. The ex-
tended sources show a remarkably constant ratio of F5GHz/Fth of
order 2 i.e. there is an equal share between the thermal and non-
thermal flux density. The model of Schleicher & Beck (2016)
on a larger scale and for a continuous star formation predicts
an increase of F/Fth with ΣS FR faster than what we observe for
compact star forming regions or GMCs. The increasing trend
is explained as due to turbulent magnetic field amplification by
star formation. But, as the authors point out, discrete injection
events cannot maintain a correlation between star formation rate
and magnetic field strength. As a consequence, and given also
the higher frequency we are sampling, the slower increase of the
total-to-thermal radio flux ratio with star formation in our data is
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understandable. This relation is lost if we trace the SFR density
using Hα emission. This underlines the presence of fluctuations
in the strength of radiative processes in individual YSCs, due to
stochastic events of massive star formation.
6.1. Cosmic ray diffusion and the YSC contribution to
non-thermal emission of M33
At scales <1 kpc, Tabatabaei et al. (2013a) conclude that a tur-
bulent magnetic field of order 8 µG dominates over the ordered
component in M33, and this tangled field implies that cosmic
rays during their lifetime diffuse over a relatively short path-
length, <400 pc. The CRs are expected to be transported via
streaming instabilities at the Alfven speed VA = B/
√
4piρgas.
The average gas volume density in the giant cloud complexes
we are considering is of order 10−23 gr cm−3 although individual
molecular clouds in them, where stars form, have higher densi-
ties. For the duration of the star formation phase in GMCs, of or-
der 10 Mys, the CRs can then diffuse over 70 pc, comparable to
GMC sizes. Bright and compact YSCs, which have not yet aged,
are producing massive stars with discrete injection of CRs: these
lag in the surrounding cloud increasing the non-thermal fraction
of the cloud radio emission. For extended HII regions, no longer
surrounded by molecular gas, the gas density is lower and lo-
cally produced CRs, diffuse out quickly. As injections of CRs
stop local the non-thermal excess decays.
What is the fraction of the global non-thermal emission
of M33 that is in discrete sources such as YSCs or SNRs ?
Tabatabaei et al. (2007c) have measured the total radio emis-
sion of M33 at 6.2 cm and find that the total flux is 1.28 Jy.
The total Hα flux of M33, corrected for extinction, is about 5
10−10 erg s−1 cm−2 (Verley et al. 2009), which implies that on
average 1/3 of the emission of M33 at 6 GHz is thermal. For a
non-thermal spectral index of -0.8 (Tabatabaei et al. 2007b), the
total non-thermal emission at 5 GHz is about 1 Jy. Supernovae
in the radio catalogue of White et al. (2019) contribute about 8%
to the total non-thermal flux, at 5 GHz, while twice as much,
about 16%, is localized around YSCs hosting no known SNRs.
We conclude that about 1/4 of the total non-thermal emission at
5 GHz in M33 is linked to discrete current injection events of
CRs connected with massive stars evolution. Diffusion of CRs
into the ISM from ongoing and past generation of massive stars
must account for the remaining fraction.
The mean global star formation density in M33 is
0.0032 M yr−1 kpc−2, and the ratio of total to thermal flux is
5.7 at 1.4 GHz (Tabatabaei et al. 2007b). This estimate is in
very good agreement with that predicted by Schleicher & Beck
(2016) model for a continuous star formation law.
7. Summary
The formation of stars can be traced using UV stellar continuum,
gas recombination lines such as Hα or radio thermal and non-
thermal continuum, but also mid-infrared emission of hot dust
grains which absorb radiation of the newly formed stars. Star
forming galaxies show a tight linear relation between their IR
emission and radio continuum luminosities. High angular res-
olution surveys of the whole star forming disk of the closest
galaxies allow today to investigate such relations in individual
molecular clouds as the formation of YSCs proceeds, and down
to spatial scales below 50 parsecs. In this paper we explore the
mid-infrared, radio continuum and Hα emission for a large sam-
ple of star forming regions in M33 (526 YSCs) and for their na-
tive molecular clouds. The YSCs candidates have been selected
for their mid-infrared hot dust emission at 24 µm (Sharma et al.
2011). Recent radio surveys of the nearby galaxy M33 have pro-
vided a detailed view of the interstellar medium in the radio con-
tinuum and a radio source catalogue in the M33 sky area (White
et al. 2019). Using this catalogue we find radio continuum source
counterparts at 1.4 and 5 GHz for more than half of the MIR
sources. We use high sensitivity maps at at 6.3 GHz to measure
successfully radio emission for the most diffuse and weak ones
without a catalogued counterpart.
The radio continuum luminosity of a star forming region es-
tablishes a correlation with the 24µm luminosity of the associ-
ated hot dust component, whose slope is sublinear in the log-log
scale. The 24µ luminosity of YSCs fully embedded in the na-
tive molecular clouds follows a similar correlation with the radio
continuum. We underline that previous attempts to discover em-
bedded star forming sources in M33 through radio continuum se-
lected candidates data have not been successful (Buckalew et al.
2006). Thanks to sensitive radio continuum maps at 6.3 GHz
we have been able to confirm, for the first time in a nearby spi-
ral galaxy, the embedded nature of many YSCs associated with
molecular clouds with no optical or UV counterparts. Given the
variations of the spatial distribution of grains in the HII regions
and of the stellar continuum fraction absorbed by dust, it is quite
surprising to have found a relation that holds for the overall YSC
population, from the embedded to the exposed phase, from the
central region to the galaxy outskirts.
The slow chemical enrichment of galaxies with cosmic time
and the variety of processes that regulates life cycle and the
temperature of dust grains implies that 24 µm emission alone
might not be sufficient to trace star formation. A combined
tracer, IR with UV or hydrogen recombination lines, has be-
come one of the most commonly used star formation rate es-
timator (Kennicutt et al. 2009). We have shown in this paper that
the correlation between the radio continuum at 5 GHz and the
combined tracer 24µm and Hα emission (or extinction corrected
Hα), holds over 4 orders of magnitude at scales between few
tens and ∼100 pcs. The relation is close to linear and extremely
tight when data on YSCs refer only to the latest stage of evolu-
tion in the host molecular cloud (exposed phase). The correlation
is tighter if the total radio continuum is considered rather than
the estimated non-thermal radio emission. In examining individ-
ual YSCs of low luminosities, stochastic sampling of the IMF
at its high mass end increases the dispersion in the relation be-
tween hot dust emission and non thermal radio continuum due to
stronger variations of turbulent magnetic field amplification and
CR production.
We find a significant fraction of the 5 GHz emission being
thermal but compact radio bright YSCs have more than half of
their radio emission due to non thermal processes. The unam-
biguous non-thermal emission in star forming regions where the
Hα flux is greater than 10−13 erg s−1 cm−2, even in the absence
of a supernova remnant, implies ubiquitous local production of
cosmic rays when the YSC has at least an O7-type star. Indeed
theoretical computations predicts that these O-type stars are able
to produce a wind and therefore a shock. About 1/4 of the total
non-thermal emission of M33 is linked to discrete current in-
jection events of CRs connected with massive stars in YSCs or
SNRs. Diffusion of CRs into the ISM from ongoing and past
generation of massive stars must account for the remaining frac-
tion.
More extended radio sources, likely associated with evolved
HII regions, do not show a correlation between non-thermal
fraction and radio luminosity, and have on average lower non-
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thermal fractions than more compact ones. We interpret this
trend as due to fast diffusion of CRs as the HII shell expands
well beyond the native cloud, with CR injections becoming more
seldom at a later stage of the cluster evolution. CR diffusion also
explain the lower ratios between the radio continuum at 5 GHz
and the 24µm or Hα emission in individual star forming regions
of M33 compared to those measured for galaxies as a whole in
the local universe.
The radio continuum emission from giant molecular com-
plexes follows a similar correlation with the extinction cor-
rected Hα as individual star forming regions. As determined
by Corbelli et al. (2017) the duration of the life cycle for M33
molecular clouds is about 14 Gyrs with the mean molecular
cloud mass that increases only by a factor 3 going from the initial
inactive phase to the embedded one, to the exposed phase prior
to cloud dispersal. The radio emission of the whole GMC has
a stronger increase as star formation progresses: as the YSC is
formed and it starts breaking through the cloud the non-thermal
component in the cloud is ubiquitous. Molecular clouds with
only embedded sources, or molecular clouds hosting very small
YSCs, as well as inactive clouds, have much lower radio contin-
uum luminosities on average: many of them are still undetected
in the published surveys.
The non thermal– radio continuum correlation observed for
compact YSCs and GMCs with exposed star formation at all
galactocentric radii underlines the role of the star-formation in-
duced turbulent magnetic field as the most efficient source of
the non thermal radio emission. Tangled magnetic field in tur-
bulent molecular complexes can prevent fast diffusion of cosmic
ray electrons to larger scales as suggested by Tabatabaei et al.
(2013a). This can be better investigated in the future using ade-
quate deeper radio survey for tracing the diffuse radio emission.
We have calibrated the radio continuum emission as star forma-
tion tracer at scales of individual star forming regions and GMCs
in M33. A shallow increase of the average total to thermal radio
flux ratio with the star formation density is measured for com-
pact YSCs as well as for giant molecular complexes. This is in
agreement with theoretical models of turbulent magnetic field
amplification by star formation, although fluctuations in CR in-
jections during localized star formation events require more spe-
cific theoretical modeling. This will shed light on the link be-
tween small and large scale radio emission in galaxies.
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